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1. INTRODUCTION 

The shunt and series active power filters are an effective and perspective means for solving the 
problems with the quality of electrical power [1]-[3]. Most commonly, series active power filters (SAPF) are 
used to improve the total harmonic distortion (THD) factor of the supply network voltage, used to power 
sensitive consumers [4]-[11]. In their control systems are used: sliding mode control [12], fuzzy logic control 
[13], [14] deadbeat control [15], monitoring of filter capacitor current [16], hysteresis control of the filter 
capacitor voltage or the load voltage [17], [18]. Newer control methods are also used, such as: based on per- 
phase current calculation [19] and neural network control [20], [21]. Particular attention is paid to the 
accurate synchronization with the source voltage, as an overview of the main methods is done in [22]. 

The literature study regarding the features of the output filter shows that there are comparatively 
fewer studies dealing with the design features of the output passive LC filter. In [23] is analyzed a new series- 
parallel-resonant LCL filter as a part of a shunt active power filter. In [24] there is an analysis of the operation 
of LCL filter in the configuration also of a shunt active power filter. Taking into account the high frequency 
modulation, the values of the current through the filter capacitor as well as through the DC capacitor are 
defined. 
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There is not a complete study of the operation of the passive LC filter as part of a SAPF with 
hysteresis control of the filter capacitor voltage. This would have allowed the presentation of a methodology 
for its design. 

Figure 1 shows the block diagram of a SFSAPF. Its purpose is to produce such a voltage Uy, of the 
secondary winding of the transformer Tr, to compensate the higher harmonics of the voltage Us of the power 
source AC, so that the load voltage U, has a sinusoidal shape. 


Control system 





Figurel. Block diagram of a SPSAPF. 


There are two features of the output capacitor Cp work: 1. The voltage on the capacitor contains 
higher harmonics, which must be in antiphase to their respective ones, contained in the supply network 
voltage curve. These harmonics determine the only one component of the root mean square (RMS) value of 
the current through the capacitor. In addition, the current also contains a high-frequency component as a 
result of hysteresis control. 2. In hysteresis control, the value of the capacitor Cy and the output inductance Lp 
depend on the hysteresis parameters and the switching frequency of the power devices. 

The problem is that there is no comprehensive study of the specified features of the operation of the 
capacitor of the output filter. Tthere is no comprehensive metology for filter design. The purpose of this 
article is to present a study of these features, which is lacking in the specialized literature. The novelty in the 
work is in determining the relationship of the value of the capacitor with the RMS value of the higher 
harmonic current and voltage ripple. As a result, a new methodology for the design of the output filter has 
been proposed. 

In the second part, a mathematical description is made, and are offered expressions in accordance 
with the two described features. The results from the computer simulation are presented in the second part. 
The third part shows the experimental results of the work of the SPSAPF with linear and nonlinear load. 


2. RESEARCH METHOD 
2.1. Mathematical description 

It should be noted, that the curves in the form of the supply network voltage have different shape 
and character, so it is necessary to accept a certain approximation of this form. For the purposes of the 
analysis, connected with the first feature (determining the RMS value of the current through the capacitor), is 
accepted an approximation of the curve of the supply network voltage with trapezoidal shape, shown in 
Figure 2. It gets close to a common case in practice-load of the network with single-phase bridge 
uncontrolled rectifiers, which are non-linear loads and consume current around the maximums of the network 
voltage. As a result, voltage drops around its maximum value. 
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Figure 2. Approximation of the curve of the supply network voltage. 


The decomposition of such a trapezoidal function in Fourier series is known: 
(x) = =. sin(g). sin(x) + = Vea z sin(2. k — 1). g. sin(2. k — 1) (1) 
fx) = zg’ SING). sin(x) + 7 dik=2 gpa SINE. . Q. sin(2. 4 


Therefore, for the THD factor, we obtain: 
ae UZ a a (2.k-1)p 
Ky = 2 ee (2) 
1 sing 


Figure 3 shows the corresponding graphical dependence for the interval 0.3 < ọ < 1.0 rad. The sum 
is limited to k = 25 in accordance with [25], [26]. 





Figure 3. Graphical dependence according to expression (2) 


In this way, it is possible to determine the amplitude values of the harmonics of the voltage on the 
output capacitor of the SAPF. These harmonics, added in antiphase to their respective ones to the curve of 
Figure 2, would make the voltage on the load sinusoidal with frequency of the first harmonic. 


4.h 1 
Ura =—. 
Km ` t` (2.k-1)2 





.sin(2.k — 1). (3) 


for k = 2,3 win 
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The maximum value of the current through the capacitor Cy of the output filter for each of these 


harmonics will be: 


lestem = Urm (2.k — 1). w. Cp (4) 


Considering all the harmonics, the RMS value of the current through the filter capacitor Cs will be: 


2.C f.h.w V2 T 1 : 
oer = ae |Die=2 Goa Sin? (2. k — 1). (5) 


The ratio of the RMS value of the current to the capacitor value at the frequency of the supply 
voltage f = 50Hz is: 


Ic 
CfRMS _ 200.V2.h | a ey, E 
~ 2k=2 Rape SEN (2.k —1).@ (6) 


Figure 4 shows a set of features reflecting the above dependence at parameter h . The sum is limited 
to k = 25 in accordance with [25, 26]. 


Icsams 5x10“ 
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Figure 4. Set of features according to expression (6) 
Depending on (6) the value of the capacitor is indicated and therefore it is necessary to perform an 


analysis to determine this value. In connection with the second feature (determining the value of the capacitor 
C; at hysteresis control), the time diagrams shown in Figure 5 are used. 







Ue Uga const.= K, 


-Utu sconst.=K 4 
f 





Figure 5. Time diagrams for hysteresis control of the voltage on capacitor Cp 
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The examination is made within one switching period T = 6, — 6, of the power devices. This 
period is significantly shorter than the half-period of the network voltage. At moment 0 = @, the transistors 
from this diagonal of the bridge power circuit from Figure | are switched on, for which the voltage uc ; 
decreases, and at moment 0 = 63 —for which it increases. Since the filter L-C is a second-order unit, after 
the moment 0 = @, there is a certain increase in voltage, and after the moment @ = 63- a decrease. Provided, 
that the voltage ripple on the capacitor Cp is neglected, it can be assumed that the current through the inductor 
Lr — if changes in both intervals according to a linear law. At these intervals, voltage with approximately 
constant value Ky is applied to Ly for the interval T — toy = 03 — 01, and K; for the interval toy = @5 — 03. 
For the short duration of the period, the changes of current i; f in both directions are equal, therefore: 


(Ua = uc,) -ton = (Ua + uc,) .(T — ton) (7) 


After simplification, it follows (8): 


—f=2.5-1 (8) 
d 
where 

we ron (9) 


Therefore, if the reference curve for the voltage of the capacitor uc , (9) = Uprr(@) is known, then 
the law of change of 5(@) is also known. 


0 
6(0) = a (10) 


At hysteresis control, this reference curve is monitored with a definite hysteresis, where the 
capacitor voltage also contains high-frequency ripples, which are result of the switching with high frequency 
fs. Based on these ripples, a way is sought to determine the value of the capacitor Cp. If the start of the 
coordinate system is translated at the moment 0, , the change of the capacitor voltage uc ; in the interval 6, — 


0> can be found, ie.one part of the pulsation: 





T-ton Aic; 


[Auc] oat 2 dt = ziy |Aic,|.(T = ton) (11) 


T-ton 


The rest of the pulsation can be found when translating the start of the coordinate system at the 
moment 63: 


CON [Aic | 
La ented E 
laud, 7 zo : ton 


1 J 
tdt =o. Aie, -ton (12) 


by summing (11) and (12), the whole pulsation can be found: 


1 





lAuc,| = Aug, + Au, = az: lia (13) 
Or 
jauc] E (14) 


ldic,| z 8.Cf fs 


The following design sequence may be recommended: The Total Harmonic Distortion (THD) factor 
of the supply network voltage Ky and the maximum value of the load current I;m are known. 1. with known 
Total Harmonic Distortion (THD) factor of the supply network voltage Ky, from Figure 3 is determined the 
value of the angle ø . 2. Expression (2) and value of h (to approximate the supply voltage curve) are used to 
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determine the RMS value of the higher harmonics. Based on (14), the value of the capacitor Cy is determined 
by assuming values for Aiç f (as a percentage of the maximum value of the load current Im) and Auc f (as a 


percentage of the RMS value of the higher harmonics). 3. The RMS value of the capacitor current Iç perms ®t 


the value of h from item 2. is determined from Figure 4. To this value is added the current with the high 
switching frequency fs = 20kHz. 4. The value of the inductance Ly is determined, so that the resonant 
frequency of the filter L-C; to be higher than the frequency of the highest harmonic being compensated, and 
lower than the switching frequency fs. 5. The value of the hysteresis Has a percentage of Au; i is determined. 


Example: It is known as a result of measurement: Total Harmonic Distortion (THD) factor of the 
supply network voltage Ky = 17% and maximum value of the load current Im = 104A. Approximate value 
of h = 290V. 

1) For Ky = 17% from Figure 3 is reported g = 0.5 rad. 


2) From (2) and (1) the RMS value of the higher harmonics at h = 145V is determined (the transformer Tr 


increases the voltage of the capacitor Cs 2 times)—Ky.sing = 0.082 > <= 0.082 x 30V Auc; = 


0.6V > [(1 — 2%). 30], Aic, = 1A > [(5 — 10%). 2. 1,,,,| is accepted, and the value of the capacitor at 


frequency fs = 20kHz C; = 10uF is determined from (14). 
3) From Figure 4 is determined Iç ae 165mA. To this value is added the current with the high 


switching frequencyfs = 20kHz. The maximum value of the first high frequency voltage harmonic is 
equal to half the ripple Au; r Thus, the RMS value of the current through the capacitor Cs with high 


A 

frequency is A2.. fy. Gy = <2. 1.20. 10%.10.10~° = 266mA .Or in general levayg = 165MA + 
266mA ~ 430mA. 

4) The value of the inductance Lp is related to the determined value of the capacitor Cs. To avoid possible 
resonance phenomena on the one hand, it is necessary the resonant frequency of the filter to be higher 
than the frequency of the highest harmonic, which is compensated (in this case the 25th). On the other 
hand, it must be significantly lower than the switching frequency of the power devices (in this case 20 
kHz). For these reasons, an appropriate value is 5004H. At this case the resonant frequency of L,Cy is 
approximately 2.25 kHz. The RMS value of the current through the inductance is a sum of the RMS 
values of the current of the capacitor and the load, also taking into account the transformation coefficient 


of the output transformer—I;, 245 = 2, im Flepys LATA. 


5) Hysteresis Hdetermination. The determination of the hysteresis value used to monitor the capacitor 


voltage is done on the base of the accepted value for Auc f It is recommended 2.H = [c40 — 


50%) Auc, |. In case of (0.24 — 0.3)V. 


2.2. Computer simulation 

A study was performed by computer simulation of the operation of the SFSAPF at the thus set initial 
data and certain values in the above example. This is done with the ORCAD-PSPICE program. Figure 6 and 
Figure 7 show the results when a linear load (active-inductive) is connected to the power supply network. 
Figure 8 shows the results for a non-linear load for the power supply network-single-phase uncontrolled 
bridge rectifier with active-capacitive load. 
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Figure 6. Voltage of the power supply network (and of the load) and load current in the absence of an SAPF. 
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Figure 8. Results of the operation of the SAPF with non-linear load 


3. RESULTS AND DISCUSSION 

The results of the computer simulation have been confirmed experimentally. The corresponding 
oscillograms are shown in Figure 9 and Figure 10. The current in Figure 9 and Figure 10 was monitored with 
a 100: 1 current probe. The results of the experimental study confirm the results obtained from the computer 
simulation. Figure 11 shows the oscillograms with substantially nonlinear load-AC regulator with phase 
control. 


k JL @ Stop M Pos; 3.000rms SAVE/REC lek JL @ stop M Pos: SUIS 
+ 





! Select ' j r | 
ed j Folder | 
~~ Save Le kf Save 


TEKOO4S. BMP TEKOOS0, TIF 
1 100V CH2 SOOmyvY) M 500ms CHI Y 360m CHI 10 CH? SO0m\y MM 500s CHI J S60 
33-Jan-17 13:40 SOOTHE? S-Jlan 17 1541 4360H 
(a) (b) 


Figure 9. Results at active-inductive load: (a) load voltage and load current without SAPF; (b) load voltage 
and load current with SAPF on. 
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Figure 10. Results at nonlinear load-bridge rectifier with RC load: (a) load voltage and load current without 
SAPF; (b) load voltage and load current with SAPF on 






ek JL @ Stop M Pos: 3000mg SAVE/REC lek Te @ Stop M Pos: 3.0000rn08 SAVE/REC 
+ + 
Action Action 
i Sare Image 
File File 
Format Fonnat 
BAP EMF 
About About 
E E Saving Saving 
Images images 
Select Select 
Folder Fodder 
ave Save 
TERO0S2.6hMF TEROOS3.BMP 
Hi 100 CH? Sine Bi Su00eres CH1 J amimi HI 10i CH? 500m M S00ms CHI z Eimi 
S— Jane 17 140 Sea 39-Jan-17 1407 49.57535Hz 


Figure 11. Results at nonlinear load-AC regulator with phase control: (a) load voltage and load current 
without SAPF; (b) load voltage and load current with SAPF on 


4. CONCLUSIONS 

The contribution of this study is: 1) Determining the value of the current of the higher harmonic 
through the capacitor of the output filter-expression (6) and Figure 4. 2) Determining the voltage ripple on 
the capacitor depending on its value and switching frequency-expression (14). 3) On this basis offering a 
methodology for designing the output LC filter. 

The results presented in this article make it possible to determine the parameters of the output 
capacitor as well as the output inductance of a series active power filter with hysteresis control. The results 
were confirmed by computer simulation and experimental testing and show sufficient for the practical 
purposes accuracy. 
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